The newly adjusted energy-consistent nine-valence-electron pseudopotentials for K to Fr are used to calculate spectroscopic properties for the neutral and positively charged alkali dimers using coupled cluster and density functional theory. For the neutral dimers the static dipole polarizability was calculated. The coupled cluster results are all in excellent agreement with experimental values. The density functionals used can give quite different spectroscopic properties especially for the dipole polarizability, with the Perdew-Wang PW91 functional performing best.
I. INTRODUCTION
The simulation of metallic clusters is one of the main challenges in quantum chemistry and physics.
1-4 Especially for larger metallic systems density functional theory seems to be the only method of choice currently since standard single reference ab initio methods will eventually fail near the metallic phase. However, such methods have to be carefully benchmarked against more accurate ab initio calculations, at least for the smaller metal clusters. It is therefore of interest to perform accurate ab initio calculations for small metal clusters. In particular, the alkali-metal dimers are well known experimentally up to cesium [5] [6] [7] and have been investigated intensively in the past, 8 more recently by using accurate relativistic quantum theoretical methods. 9, 10 The rather weak metal-metal bond for the Group 1 metals results from the overlap of rather diffuse valence ns orbitals, especially for the heavier elements. Consequently, many attempts have been made to treat the atomic core as a closed shell system and reduce the valence contribution to one ns electron for each atom by employing pseudopotential ͑PP͒ techniques for alkali metal clusters. 11 The great advantage of the PP technique is not only the computational savings in integral calculations, but also the easy implementation of relativistic effects through effective relativistic operators. 12 Pseudopotential methods are, however, associated with significant errors for systems with easily polarizable cores. [4] [5] [6] [7] [8] [9] [10] For example, one-valence electron pseudopotentials derived from Hartree-Fock ͑HF͒ calculations lead to overestimated bond lengths, e.g., for K 2 a configuration interaction treatment for valence correlation yields R e = 4.13 Å as compared with 3.92 Å from experiment. As the atomic ion core becomes more polarizable with increasing nuclear charge, 13 core-valence correlation and corepolarization contributions cannot be neglected anymore ͑see Fig. 1͒ . 14 In fact, the importance of core-valence correlation has been long recognized by Bottcher and Dalgarno 15 and has been demonstrated for LiNa through an all-electron calculation by Meyer and Rosmus. 16 All-electron methods typically involve large basis sets and are thus very demanding in computational efforts if corevalence correlation effects are taken into account. Consequently, the accuracy of such calculations is generally limited by the basis set incompleteness. 17, 18 In order to account for core-valence interactions, Jeung et al. 19, 20 developed a second-order perturbative treatment within the effective core potential framework. This was, however, not fully satisfactory, due to the basis set dependent treatment of core-valence correlation. Müller et al. 21, 22 employed a different approach by adding a semiempirical core-polarization potential ͑CPP͒ to the valence Hamiltonian, restricted to the static dipole polarizability of the core. This scheme has been used extensively in the past by the Stuttgart group. 11 Albeit these onevalence electron pseudopotentials are computationally cheap, they lead to less accurate results for the ionic systems such as CsF. 23 Moreover, in density functional ͑DFT͒ calculations additional problems arise from the nonlocal core corrections which cannot be neglected anymore. Here we adopt a different approach by using small-core nine-valence-electron pseudopotentials as recently developed for the heavier alkali atoms in our group. 24 As usual, the main attention on alkali dimers has been focused on the most important spectroscopic constants. As for experimental values, a recent study by Amiot et al. 25, 26 gives accurate dissociation energies and van der Waals coef- 27 and theoretical studies. 28 In particular, the francium dimer is of interest as the effects of core-valence correlation and relativity in molecular bonding may become more important, and there is not much experimental data available for francium due to the lack of stable long-lived isotopes. In this study, we present the spectroscopic constants and the static dipole polarizabilities of alkali dimers from K 2 to Fr 2 calculated by using our newly generated small-core scalar relativistic pseudopotential scheme. This addresses the accuracy and the transferability of our energy-consistent pseudopotentials.
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II. METHOD
In the present study, the following valence model Hamiltonian ͑in atomic units͒ is used:
where i and j are valence electron indices, a and b are nuclear ͑core͒ indices, V pp is a semilocal pseudopotential operator, and Q a denotes the charge of core a ͑Q a = Z a if no pseudopotential is applied͒. For a j-averaged ͑scalar͒ relativistic pseudopotential ͑ARPP͒ we use the following ansatz:
where P l a is the projection operator acting on the Hilbert subspace of angular momentum l for core a. A linear combination of Gaussian functions is formed accordingly with adjustable parameters B k and ␤ k for each angular symmetry l. Relativistic effects are included by adjusting the parameters in a least-square sense to reference energies obtained from four-component Dirac-Coulomb calculations including Breit interactions. 29 In the present study, the valence shell consists of nine electrons ͓configuration ͑n −1͒s 2 p 6 ns 1 and Q c =9͔. Details can be found in Ref. 24 .
The last term in Eq. ͑2͒, V CPP , accounts for the dynamic polarization of the atomic core by the valence electrons and the other nuclei. The following form of the effective CPP was used as demonstrated by Müller et al.:
Here ␣ D a is the static dipole polarizability of core a and f ជ a is the electric field at a generated by the valence electrons and other positively charged cores ͑nuclei͒. A cut-off parameter is used for the electric field to avoid divergence caused by valence electrons too close to the core. Note that the addition of Eq. ͑3͒ leads to additional one-and two-electron integrals which adds to the computational costs. In the present study, a core-polarization potential was included only for the two heaviest element with the largest core polarizability, cesium and francium. Further details on the pseudopotential fitting procedures and the numerical values of the parameters can be found in our previous work. 24 Dipole polarizabilities were calculated analytically, or if not available by a finite field method applying small external homogeneous electric fields of 0.0, 0.001, 0.002, and 0.004 a.u. The coupled cluster ͓CCSD͑T͔͒ calculations utilized the full active orbital space. DFT calculations were carried out by using the local density approximation ͑LDA͒, 30 the gradient corrected Perdew-Wang PW91 functional, 31 and the hybrid 3 parameter Becke-Lee-Yang-Parr B3LYP functional. 32, 33 All calculations were performed with the MOLPRO 34 program package using rather large uncontracted valence basis sets as described in Refs. 24 and 35.
III. RESULTS AND DISCUSSION
A. Spectroscopic constants
Selective spectroscopic constants of the neutral alkali dimers are presented in Tables I-III 18 The recent all-electron multiconfiguration results by Roos et al. 36 include second-order perturbation theory ͑CASPT2͒ and contain relativistic effects using a Douglas-Kroll operator. 37 All other results were obtained by the use of relativistic one-valence electron pseudopotentials. In these cases, electron correlation effects were considered for the core-valence as well as the valence only part by the use of core-polarization potentials and a CISD procedure.
The calculated coupled cluster equilibrium bond lengths are in excellent agreement with the available experimental values. As for the all-electron results of Partridge et al. 38 or Roos et al., 36 there is good agreement for K 2 . A recent aver- age coupled pair functional calculation using a DouglasKroll operator for Rb 2 gave R e = 4.20 Å slightly longer than ours. 9 For the heavier dimers, the nonrelativistic bond lengths 38 become too large. For example, the overestimation of the Cs 2 bond length is attributed to relativistic effects 18 as the discrepancy from the experimental value remains at 0.32 Å even with 18 electrons correlated in the CISD scheme. When a relativistic contraction of the bond length is estimated by twice the Cs͑6s͒ atomic contraction, this deviation was reduced to 0.1 Å. 38 In one-valence-electron pseudopotential schemes, omitting core-valence correlation for the large-core one typically obtains an overestimated bond length, e.g., by 0.27 Å for K 2 and 0.37 Å for Cs 2 , which has to be corrected by the use of CPPs. 19, 22, 39, 40 The influence of core-valence correlation and polarization effects for our nine-valence-electron pseudopotential definition should be small, and was tested for the equilibrium bond length of Cs 2 and Fr 2 . The inclusion of the core-polarization potential 24 as shown in Eq. ͑3͒ yields a bond contraction of 0.026 Å for Cs 2 and 0.050 Å for Fr 2 . For Cs 2 this implies that the bond distance is now underestimated by 0.03 Å compared to the experimental value, Table I . We mention that basis set incompleteness and limitations in the coupled cluster treatment could be responsible for this effect. For example, the coupled cluster perturbative triples contributions lead to a change in bond length of −0.040 Å for Cs 2 , which is about twice as large as the effect coming from the core polarization potential.
The DFT results show what is well known. LDA overbinds which is reflected in the short bond distances obtained for all dimers. Both PW91 and B3LYP yield reasonable bond distances compared to the coupled cluster values.
The data compiled in Table I for the equilibrium bond lengths, R e , from K 2 to Fr 2 show that there is an increase in the bond length from K 2 to Cs 2 as expected. In contrast to the nonrelativistic results of Harris and Jones, 8 but in perfect agreement with the relativistic results of Roos et al., 36 this monotonic upward trend is discontinued for Fr 2 . This relativistic decrease in the Fr 2 bond distance correlates with a relativistic decrease in the atomic radius for Fr compared to Cs. 41 It is well known that relativistic effects in heavy element containing compounds can reverse trends in properties within a group of elements in the periodic table. 42 The calculated dissociation energies of the alkali dimers are collected in Table II . In comparison with experimental results, the calculated dissociation energies are accurate within about 0.025 eV. This is satisfactory considering that the accuracy in the pseudopotential fitting procedure was between 0.01 and 0.02 eV. 24 It has been noted earlier by Müller and Meyer that the experimental dissociation energy of K 2 is probably too low. 21 This is supported by our results. The present values are also in good agreement with previous onevalence electron pseudopotential results of Stoll et al., 39 which include core-valence correlation. In our case, corevalence correlation from the smaller core can be safely neglected, as it lowers the dissociation energy by only 0.003 eV for Fr 2 .
Daudey and co-workers 43 reported that saturation of ba- 9 on the potential energy curve for Rb 2 overestimates the dissociation energy ͑0.529 eV͒ even though their bond distance ͑4.20 Å͒ was longer than the experimental value. Another set of allelectron results by Roos and co-workers 36 performed at the CASPT2 level underestimate the dissociation energies for all the dimers. Although they offer some data on Fr 2 , the results seem to be hampered by basis set incompleteness. Further, it is difficult to establish a clear trend from their results. In particular, they predicted a decrease in both the bond length and the dissociation energy from Cs 2 to Fr 2 . On the contrary, a clear trend is observed in our calculations where a decreasing trend in the dissociation energy from K 2 to Cs 2 is reversed for Fr 2 , leading to an anomalous trend in the dissociation energies of the alkali dimers as well. The larger dissociation energy for Fr 2 than for Cs 2 is again attributed to the relativistic stabilization of the valence s shell of Fr, similar to the case of equilibrium bond lengths discussed earlier, as a comparison with the nonrelativistic values of Harris and Jones shows. 8 As expected, LDA overestimates the dissociation energies of all alkali dimers. Both B3LYP and PW91 yield reasonable results.
The calculated vibrational frequencies of the alkali dimers are listed and compared with other theoretical and experimental values in Table III . The vibrational frequencies calculated with our small-core pseudopotentials are in excellent agreement with the experimental values as well as the other large-core pseudopotential results which incorporate core-valence correlation. Here all functionals perform reasonably well.
Let us now turn to the spectroscopic constants of the positively charged dimers. The calculated equilibrium bond lengths, dissociation energies, and vibrational frequencies of The compiled data on Fr 2 + deserve a closer look. Here, a monotonic increase in the bond distance from K 2 + to Cs 2 + is discontinued and there is a decrease in the bond distance from Cs 2 + to Fr 2 + due to relativistic effects. The contribution from core-valence correlation for the small-core pseudopotential is smaller than previously reported for large-core pseudopotentials as one expects. For example, Stoll and coworkers have reported a reduction of up to 0.26 Å in the bond length of K 2 + using their one-valence-electron pseudopotential. 44 Inclusion of a core-polarization potential in our case reduces the bond distance for Fr 2 + by 0.053 Å to 5.186 Å. In contrast to the bond distances, the dissociation energies of the positively charged alkali dimers show no anomaly in the trend. That is, the dissociation energies are monotonically decreasing from K 2 + to Fr 2 + . As expected, corevalence correlation does not significantly contribute to the dissociation energy of Fr 2 + , which causes an increase by a negligible amount of 0.0004 eV.
The calculated adiabatic ionization potentials for the neutral dimers are collected in Table VII . As expected, LDA overbinds, but both B3LYP and PW91 are in good agreement with the more accurate coupled cluster results. For Fr 2 the core-polarization potential leads to an increase in the CCSD͑T͒ ionization potential from 3.762 to 3.808 eV.
B. Static dipole polarizabilities of the neutral dimers
The static dipole polarizabilities of the alkali dimers are presented in Tables VIII and IX for the perpendicular and the parallel component, respectively. These values are compared with the all-electron calculations of Urban and Sadlej 28 as well as Müller and Meyer. 51 In Urban and Sadlej's calculations, relativistic effects were included by using a scalar relativistic approximation ͑mass-velocity plus Darwin terms͒, and electron correlation was treated at the CCSD͑T͒ level. In Müller and Meyer's case, 51 the polarizabilities were obtained from all-electron HF + valence configuration interaction ͑CI͒ calculations, including core-polarization effects by the use of an effective potential. Relativistic effects were neglected. Both groups used experimental bond distances for their di- This model predicts a decrease in the perpendicular component and an increase in the parallel component of the dipole polarizability of a dimer compared with the sum of the individual atomic polarizabilities. Further, using the sum-overstates formula for the polarizabilities, the perpendicular component of the dipole polarizability is primarily determined by the orbital excitation from the strongly stabilized bonding orbital into the unoccupied valence orbital as a counterpart of the atomic ns-np excitation for atoms as pointed out by Urban and Sadlej. 28 This is confirmed in our configuration interaction calculations with single excitations only which shows that the → transition is indeed the most intense transition, therefore contributing mostly to the perpendicular component of the dipole polarizability.
The calculated parallel component of the dipole polarizability ͑Table IX͒ shows a somewhat larger discrepancy to Urban and Sadlej's values amounting to as much as 100 a.u. for Rb 2 at the CCSD͑T͒ level. Müller and Meyer have noted that electron correlation in the parallel component of the dipole polarizability has different signs for the core-valence and valence only contributions. 51 That is, valence correlation has a positive contribution while core-valence correlation contribution is negative. For example, the dipole polarizability of K 2 increases from the HF value of 748.9 a.u. to 839.5 a.u. upon valence correlation and then decreases to 691.9 a.u. upon core-valence correlation. The negative contribution from the core-valence correlation increasingly dominates over the positive valence only part with increasing nuclear charge as the core becomes more polarizable, i.e., the negative total correlation contribution is 8% for K 2 , 51 but only 2% in our case and 18% for Fr 2 at the CCSD͑T͒ level. In Urban and Sadlej's case, there seems to be an inconsistency in the estimation of these correlation effects. In fact for all dimers, the CCSD results of Sadlej show a positive correlation contribution. This is followed by a smaller negative correlation contribution from the perturbative triples. This, in turn, gives rise to overestimated average dipole polarizabilities especially for Rb 2 , as shown in Table X and Fig. 2 . As was the case for the perpendicular component of the dipole polarizability, relativistic effects play an important role for the heavier elements, where the parallel component of the Fr 2 dipole polarizability decreases from that of Cs 2 , leading to a familiar relativistic anomaly in the dipole polarizability trend.
The average dipole polarizability is obtained from the trace average of the dipole polarizability tensor. The resulting values are listed in Table X . Perhaps one of the most interesting features, though expected, is the decrease in the dipole polarizability from Cs 2 to Fr 2 due to relativity. A graphical depiction of this effect is provided in Fig. 2 . It is clear that the present average dipole polarizabilities are within the experimental uncertainties. Concerning the DFT results B3LYP and even more so LDA underestimate both components of the polarizability tensor, with PW91 performing best. In fact, for the average polarizability the PW91 functional gives values within the experimental uncertainty.
IV. CONCLUSION
In this study we have successfully tested our newly generated scalar relativistic nine-valence-electron pseudopotentials for the alkali elements for selected spectroscopic constants of the neutral and singly charged dimers as well as for the static dipole polarizabilities from K 2 to Fr 2 . The accuracy achieved in our calculations is very good and within the limitation of the core definition chosen in our pseudopotential approximation, and is certainly a considerable improve- ment over previous one-valence-electron schemes. As for dipole polarizabilities, the severe basis set requirement and rigorous electron correlation treatment necessary for obtaining high accuracies pose serious difficulties in the allelectron approach for molecular systems. An alternative is made available in this study by employing the pseudopotential method. In fact, the present dipole polarizabilities for K 2 to Fr 2 offer the most accurate theoretical values available so far. In particular, relativistic effects important for molecular bonding in Fr 2 are demonstrated also for the dipole polarizabilities. As it is more desirable to use small-core pseudopotentials over large-core ones, whenever computationally feasible, we strongly recommend the use of our small-core pseudopotentials in future pseudopotential calculations. In general, the PW91 functional performs extremely well for all properties considered and is recommended for future work on alkali metal clusters.
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